(PALM) mandates precise knowledge of the applied fluorophore's blinking properties to counteract overcounting artifacts distorting results. Here, we present a readily applicable methodology to determine, optimize and quantitatively account for the blinking behavior of any PALM-compatible fluorophore for maximal spatial resolution. Using a custom-designed platform we revealed complex blinking of single photoswitchable CFP2 (PS-CFP2) molecules with blinking cycles on time scales of several seconds, which we incorporated in our simulation-based analysis package to robustly evaluate individually recorded PS-CFP2 localization maps for molecular clustering.
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INTRODUCTION
PALM is a single molecule localization microscopy (SMLM) technique devised to resolve structures below the diffraction limit. It relies on the stochastic switching of fluorophores between a blue-shifted fluorescent or dark state and a red-shifted or bright fluorescent state 1, 2 .
Among photoswitchable fluorescent proteins utilized so far in PALM are Kaede 3 , PAmCherry 4 , Eos-based proteins 5 , Dronpa 6 and variants of GFP such as photoactivatable GFP 7 (PA-GFP) and photoswitchable-CFP2 8, 9 (PS-CFP2) (reviewed in 10 ). Photoswitching reduces the number of active fluorophores per recorded image by several orders of magnitude giving rise to well-separated single molecule signals, which are localizable with a precision primarily determined by the signal to noise ratio 11 .
Numerous studies have addressed protein clustering within the plasma membrane using various photoswitchable FPs. However, the observation of repetitive on-off blinking challenged data interpretation, likely yielding false-positive cluster detection due to fluorophore overcounting 12 . Notably, mEos2 exhibited non-negligible light-induced fluorescence recovery from dark states 13 which was implicated in the recording of erroneous protein assemblies 12 . In contrast, blinking of PS-CFP2 was considered less pronounced 12, 14 and a high fraction of photoswitched PS-CFP2 molecules was reportedly bleached irreversibly upon high-powered 488 nm irradiation 15, 8 . Still, to this date the observation of reversible PS-CFP2 blinking cycles before terminal photobleaching 12, 14, 16, 17 has remained a challenge not only for quantitative PALM approaches [17] [18] [19] [20] but also for more general conclusions relating to functionally relevant protein clustering and protein co-localization.
In this study we have devised and tested a widely applicable experimental and analytical platform to determine the blinking signature of photoswitchable and photoactivatable fluorophores for comprehensive protein cluster assessment in single cells. Employing commonly applied imaging conditions 15 we detected a single PS-CFP2 molecule, chosen here as a representative photo-switchable fluorophore, on average 3.47 times with blinking cycle times in the order of seconds. Monte-Carlo simulated detections of randomly distributed PS-CFP2 molecules featuring PS-CFP2 blinking properties yielded considerable apparent clustering, which can, as we demonstrate, be quantitatively accounted for when evaluating PALM-generated localization maps. Our study highlights the need to reliably detect and experimentally optimize the blinking properties of photoswitchable fluorophores prior to their use in PALM. Our overall approach serves to precisely determine fluorophore-specific blinking parameters for reliable cluster evaluation of individually recorded localization maps.
Platform development to quantitate fluorophore blinking
We selected PS-CFP2 as a model fluorophore in view of its wide use in PALM and its reportedly low blinking tendency 12, 15 . To be able to determine fluorophore blinking properties with single molecule resolution, we site-specifically coupled recombinant PS-CFP2 via biotin modification to monovalent streptavidin (mSav*-3xHis6, Supplementary Fig. 1) , which was then anchored via its three histidine tags to 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DGS-NTA(Ni)) present together with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) at a 1:200 ratio in a planar glasssupported lipid bilayer (SLB) (Fig. 1A) . Specifics concerning the generation of mSav*-3xHis 6, its complex with PS-CFP2 and the protein-functionalized SLB are described in the Methods section and Supplementary Fig. 1 .
This arrangement supported 2-dimensional imaging in total internal reflection (TIR) mode, as carried out in many PALM studies. The high melting temperature (41°C) 21 of the matrix lipid DPPC afforded continuous observation of SLB-immobilized fluorophores. Furthermore, the use of SLBs prevented non-specific fluorophore binding to the glass surface. False positive signals caused by trace amounts of (partly) hydrophobic buffer-or lipid-derived dyes 22 intercalating with synthetic lipid bilayers were minimized by two-color co-localization between the fluorophore under investigation and the red-shifted dye Abberior STAR 635P (STAR635). The latter was site-specifically and quantitatively conjugated to an unpaired cysteine residue engineered within the biotin-binding subunit of mSav*-3xHis 6 (mSav*-STAR635, Supplementary Fig. 1A and B) . A two-color data acquisition protocol with sequential excitation of both fluorophores was applied to select specifically for PS-CFP2 molecules co-localizing with mSav*-STAR635. Fig. 1B shows an overlay of images recorded in the red (mSav*-STAR635) color channel and localizations determined in the green (PS-CFP2) color channel. In control experiments conducted with SLBs solely decorated with mSav*-STAR635, only 2.6 ± 0.33 % (mean ± SEM) of signals in the green channel colocalized with mSav*-STAR635 visualized in the red channel, indicating a 38-fold reduction in false positive signals by applying the two-color colocalization protocol. Single molecule tracking of individual mSav*-STAR635 molecules testified to its quasi immobile state with a diffusion coefficient D < 10 -4 µm²/s ( Supplementary Fig. 2A ), rendering the platform suitable for the observation of the very same PS-CFP2 molecules over time-scales of seconds. Fig. 1C shows two representative intensity traces of PS-CFP2 recorded in a PALM experiment. Of note, emissive behavior varied substantially between different molecules and ranged from oneframe detections to repeated detections over multiple frames interrupted by several nonemissive gaps. 
Determining PS-CFP2 blinking parameters
We analyzed the temporal emission patterns of single PS-CFP2 molecules with regard to four parameters affecting the interpretation of localization maps ( Fig. 1D) : (i) the total number of detections per molecule within the whole imaging sequence (N), (ii) the number of gaps within a single PS-CFP2 trace (g), (iii) the duration of each emissive state (ton) and (iv) the duration of each gap (toff). Of note, high values in N, g and ton can in principle be adequately accounted for by simple merging strategies as long as values of toff are low. molecule was detected on average 3.47 times over the course of 10,000 frames ( Fig. 2A, top panel). 65 % of molecules were detected more than once in the whole sequence; about 25 % of all molecules appeared more than 5 times with a maximum of 38 detections. A similar distribution was found for the normalized number of detected gaps, g, occurring within individual PS-CFP2 traces: 55% of PS-CFP2 molecules showed at least one gap; we observed a maximum amount of 31 gaps ( Fig. 2A , insert top panel). The duration of emissive states was on average 1.3 frames ( Fig. 2A , insert bottom panel). About 20% of detections resulted from signals localized in more than one consecutive frame, and only a minor fraction of 1% was detected in 5 or more consecutive frames. For molecules undergoing emission gaps, we further analyzed the distribution of toff ( Fig. 2A, bottom panel) . While most molecules showed offtimes shorter than 50 frames, the distribution featured an extended tail towards long off-times: 8% of the observed off-times ranged between 200 and ~9000 frames (not displayed for improved graph clarity). The median gap duration was 10 frames, i.e. too high to be accounted for by simple event merging without losing information about real clustering.
Blinking properties of PS-CFP2 are affected by experimental conditions
To minimize diffusion during image acquisition in SMLM specimens are subjected in many cases to chemical fixation. After paraformaldehyde treatment (4 % PFA for 10 minutes) the average number of localizations per PS-CFP2 molecule increased to 4.88 and number of gaps per PS-CFP2 to 2.49 frames ( Fig. 2B) while ton (1.4 frames) and toff (11 frames) remained largely unchanged compared to the experiment without PFA.
Super-resolution imaging protocols differ in applied acquisition rates, which typically range from 33 Hz 23 to 250 Hz 15 , and also with regard to the excitation intensity of the imaging laser.
Since the laser light employed for excitation drives at least in part transitions between bright and dark states, we sought to identify experimental settings which reduce overcounting.
To this end we examined the influence of lowering the excitation power 7.5-fold while keeping the energy density at the sample constant by increasing the illumination time accordingly. As shown in Fig. 2C , the mean number of detections per PS-CFP2 increased to 4.6, mainly due to a slightly increased number of gaps, g, per PS-CFP2 molecule and an increased ton. The median duration of gaps decreased to 6 frames compared to the experiment involving the higher laser intensity. We next increased the excitation power density from 3.0 kW cm -2 to 15 kW cm -2 in an attempt to bleach every PS-CFP2 molecule within the first image frame after photoconversion. However, background fluorescence increased under these circumstances to levels which no longer allowed for a clear discrimination between localizations of single PS-CFP2 molecules and of background signals (Supplementary Fig. 2B ).
In many applications, the fluorescent protein tag is exposed to the cytoplasm, which features a reducing redox potential attributable to reduced glutathione 24 (GSH) present in millimolar concentrations. Since fluorophore bleaching and blinking is linked to oxidation of free radicals, we analyzed the emission characteristics of PS-CFP2 in the presence of 5 mM glutathione. The mean number of localizations per PS-CFP2 molecule dropped to 2.77 with a concomitant decrease in the number of gaps per PS-CFP2 molecule (Fig. 2D) . While the duration of the emissive states remained unchanged compared to non-reducing conditions, the median duration of gaps increased from 10 to 18 frames. 
Blinking distorts SMLM cluster maps
Reappearance of one and the same blinking molecule gives rise to false-positive protein clusters, especially when fluorophores are no longer mobile after chemical cell fixation. To illustrate how blinking affects data interpretation, we juxtaposed a randomized distribution of immobile fluorophores (Fig. 3A, blue) with its corresponding localization map, which was simulated based on the blinking characteristics of PS-CFP2 (determined at a power density of 3 kW cm -2 with 2 ms illumination time) ( Fig. 3A, purple) . The emergence of artificial clusters became evident already upon unaided inspection: a single blinking molecule gave rise to a cloud of localizations with a lateral extension in the order of their positional accuracy. Without PS-CFP2 blinking, Ripley's K analysis, which is commonly applied for cluster description in SMLM 25 , yielded a constant value (Fig. 3A , bottom row), as would be expected for a random distribution. When implementing PS-CFP2-specific blinking, the normalized Ripley's K function resulted in a distinct peak indicating clusters of localizations. We next compared real protein clusters with their corresponding localization map as it manifested with PS-CFP2specific blinking (at a power density of 3 kW cm -2 with 2 ms illumination). Both scenarios feature clearly discernible clusters affecting Ripley's K function (Fig. 3A) . Importantly, based 26 . In contrast and consistent with earlier observations, antibodylabeled LFA-1 detected with mSav*-cc-PS-CFP2 gave rise to localization clusters which could no longer be explained by overcounting only and which must hence have originated from LFA-1 nano-clustering 26, 27 (Fig. 3D, right) . we opted to quantitate the blinking of PS-CFP2, which had previously been described as less prone to blinking 15 and hence constituted an interesting candidate for SMLM. Unlike previous qualitative assessments, we showed that single PS-CFP2 molecules undergo several cycles of emissive states on time scales of several seconds, which are typical for super-resolution experiments. Only 26-50% of all molecules gave rise to exactly one localization, while the remaining 50-74% fluorophores were represented in the data set at least twice. We consider it very likely that blinking of other photo-switchable fluorophores commonly employed in PALM studies will drastically affect cluster interpretation if not accounted for in a manner presented here.
Of critical importance for PALM data correction and subsequent interpretation is the finding that the distribution of blinks per molecule does not follow a simple geometric function as was previously described for single mEOS2 proteins 19, 29 . Furthermore, simple merging procedures, which are based on time stamping, fail to account for outliers with excessive blinking. As a consequence and as shown in this study, cluster analysis based solely on the use of normalized Ripley's K functions 25 or other cluster assessment tools cannot provide the means to distinguish between a random distribution of fluorophores, which blink like PS-CFP2, and a clustered non-random distribution of non-blinking molecules. Importantly, high-powered fluorophore excitation (at 15 kW cm -2 ) aimed to suppress PS-CFP2 blinking altogether did not provide a solution to the problem due to resulting high number of unspecific signals undistinguishable from true PS-CFP2 detections. This was mainly because background fluorescence increased with rising excitation power density while fluorophore emission signals remained constant due to photon saturation. Given similar spectroscopic properties, we expect to observe similar behavior for most if not all PALM-compatible fluorescent proteins.
Detailed fluorophore characterization prior to conducting SMLM with the use of mEos2 19, [29] [30] [31] [32] , PA-GFP and PA-mCherry1 33 was previously shown instrumental for quantitative readout and also for maximally achievable resolution 34 . As is outlined in Fig. 3E, we arrived Knowledge of how imaging conditions affect fluorophore blinking may well be the deciding factor when probing for subtle differences in clustering between individual samples. Of note, when aiming for meaningful 2-color PALM-based co-localization there is no viable alternative to identifying photoswitchable fluorophores featuring simple blinking behavior. The experimental approach described herein affords maximal control and thus most direct means to achieve this. It may furthermore serve to improve the sensitivity of existing cluster assessment strategies such as fluorophore dilution and other measures to counteract artefacts resulting from fluorophore overcounting 26, 29 . expansion, CAR T cells were thawed after storage in liquid nitrogen and allowed to recover overnight in CAR T cell medium supplemented with 10 U ml -1 IL-2. On the first day of the 8day expansion protocol (day 1), 1 x 10 6 T cells and 5 x 10 6 feeder cells, which had been irradiated with 80 Gy, were pooled in 15 ml CAR T cell medium in a T25 flask, which was left in the vertical position. On day 2, IL-2 was added to a final concentration of 50 U ml -1 . Starting from the day 3, 7.5 ml conditioned medium was substituted every second day with 7.5 ml of fresh CAR T cell medium supplemented with 100 U ml -1 IL-2. Experiments were performed between day 8 and 11 and at least 12 hours after media exchange.
MATERIALS AND METHODS
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Protein expression, refolding and preparation of imaging tools
Monomeric photoswitchable cyan fluorescence protein 2 (PS-CFP2, Evrogen) was Cterminally equipped with an AVI-tag (GLNDIFEAQKIEWHE) for site-specific biotinylation via the BirA ligase (Avidity) followed by a 3C protease cleavable (LEVLFQGP) 12 x histidine (12xHis) tag (Supplementary Fig. 3) . The PS-CFP2-AVI-3C-12xHis construct was synthesized by Eurofins MWG Operon and shuttled into the pet21a (+) vector using the restriction enzymes NdeI and HindIII. Optionally, we substituted a serine for an unpaired cysteine in the linker sequence between the AVI-tag and 3C protease cleavage site (see Monomeric PS-CFP2*-AVI-3C-12xHis was site-specifically conjugated with 6-Methyl-Tetrazine-PEG4-Maleimide (Jena Bioscience) to arrive at PS-CFP2*-tetrazine and further processed as described below.
The cysteine mutant of the monovalent streptavidin (mSav*) was prepared with some adaptions as described 31, 32 . The pET21a (+) vectors encoding "alive" (i.e. biotin binding) and "dead" (i.e.
biotin non-binding) streptavidin subunits were kindly provided by Alice Ting (Stanford University, USA). The sequence of the "dead" subunit was C-terminally extended with a 6 x histidine tag for attachment to lipid bilayers containing 18:1 DGS-NTA(Ni) ( Supplementary   Fig. 4 ). In the "alive" subunit, we substituted the 6 x histidine tag with a cleavable 6 x glutamate tag to allow for purification via anion exchange chromatography (Mono Q 5/50 GL) preceded by a recognition site of the 3C protease for optional removal of the tag. Furthermore, we substituted an alanine for a cysteine residue at position 106 (A106C) in the "alive" subunit, to produce a monovalent streptavidin that could be site-specifically conjugated to maleimidelinked fluorescent dyes (mSav*) (Supplementary Fig. 5 ). Both, "alive" and "dead" streptavidin subunits were expressed in E. coli (BL-21) for 4 h at 37 °C and refolded from inclusion bodies as described 32 . After refolding, the streptavidin tetramer mixture was To prepare fibronectin-coated surfaces, we incubated clean glass cover slips (glued to 8-well LabTek chambers) with 30 µg ml -1 fibronectin (Merck) in 1 x PBS for 2 h at 37 °C. Chambers were washed in imaging buffer (HBSS, Gibco, supplemented with 1 % FCS, 2 mM MgCl2 and 2 mM CaCl2) before addition of cells.
Preparation of cell samples for microscopy
The samples for CD3ζ-PS-CFP2 experiments were prepared as previously described 35 optical modulator was used (1205C, Isomet, USA). Two and 15 ms of illumination at ~3 kW cm -² and ~0.4 kW cm -², respectively, were followed by a readout time of four ms, and a total of 10,000 frames were recorded. Excitation light was uncoupled from emission light with the use of a dichroic mirror (zt488/640rpc; Chroma, USA). Emission was then was split by a Dual
View system (Photometrics, USA) equipped with a 640dcxr dichroic mirror and HQ700/75 (both Chroma, USA) and 525/45 (Semrock, USA) emission filters. Fluorescence emission was detected with a back-illuminated EMCCD camera (iXon Ultra 897, Andor, UK).
All microscopy experiments involving cells were performed employing the described microscopy setup, illumination schemes and laser powers, i.e. 2 ms illumination time at 3 kW cm -2 (488nm) followed by a delay time of 4 ms for read-out, continuous 405 nm illumination at 20-30 W cm -2 and a sequence length of 10,000 frames.
Single Molecule Blinking Analysis
Single molecules appearing in both channels were detected and localized by using a Maximum Likelihood Estimator implemented in the ThunderSTORM ImageJ plugin 36 .
To determine the mobility of mSav* on the DPPC bilayer, a published 37 algorithm implemented in MATLAB was used for the generation of trajectories, which were subjected to a mean square displacement analysis.
Independently of tracking, the position of mSav*-STAR635 molecules was averaged during the imaging period by using the localization merging algorithm implemented in ThunderSTORM with the following parameters: maximum toff = 10.000 frames, maximum displacement = 1 pixel. This mean position was then employed for co-localization analysis.
Determined positions of mSav*-STAR635 were corrected for chromatic aberration by a transformation matrix, which was experimentally derived from imaging TetraSPECK beads (Thermo Fisher Scientific, USA). mSav*-STAR635 molecules with a nearest neighbor within a distance smaller than 3.5 pixels were discarded. For the remaining mSav*-STAR635 molecules PS-CFP2 signals within a radius of 1 pixel were selected for further analysis.
Simulations
A 15 x 15 µm region of interest featuring molecules at specified densities was simulated as described 35 . Briefly, a probability mask was generated by placing centers of clusters randomly according to a uniform distribution, and distributing the positions of molecules within clusters based on a two-dimensional Gaussian function located at the cluster center and truncated at the cluster size, i.e. 1 σ. A given proportion of molecules was attributed to clusters (% of molecules in cluster). Remaining molecular positions were randomly added on areas outside the clusters.
To include blinking, the number of detections per label was drawn from the experimentally derived probability distribution of N. Last, signals were shifted 25 nm into a random direction, representing optimized experimental positional accuracy. For comparison with cell-associated microscopy data, the approximate expression levels of CD3ξ-PS-CFP2 and LFA-1 within a region of interest was determined by dividing the number of localizations with the mean number of detections per PS-CFP2 molecule and used for further simulations.
Code availability
Software which has been used to perform simulations is available for download. Software to analyze blinking behavior is available upon request.
Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding authors upon request.
